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Abstract: Functional reorganization and structural damage occur in the brains of people with multiple
sclerosis (MS) throughout the disease course. However, the relationship between resting-state function-
al connectivity (FC) reorganization in the sensorimotor network and motor disability in MS is not well
understood. This study used resting-state fMRI, T1-weighted and T2-weighted, and magnetization
transfer (MT) imaging to investigate the relationship between abnormal FC in the sensorimotor net-
work and upper limb motor disability in people with MS, as well as the impact of disease-related
structural abnormalities within this network. Specifically, the differences in FC of the left hemisphere
hand motor region between MS participants with preserved (n 5 17) and impaired (n 5 26) right hand
function, compared with healthy controls (n 5 20) was investigated. Differences in brain atrophy and
MT ratio measured at the global and regional levels were also investigated between the three groups.
Motor preserved MS participants had stronger FC in structurally intact visual information processing
regions relative to motor impaired MS participants. Motor impaired MS participants showed weaker FC
in the sensorimotor and somatosensory association cortices and more severe structural damage
throughout the brain compared with the other groups. Logistic regression analysis showed that region-
al MTR predicted motor disability beyond the impact of global atrophy whereas regional grey matter
volume did not. More importantly, as the first multimodal analysis combining resting-state fMRI,
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T1-weighted, T2-weighted and MTR images in MS, we demonstrate how a combination of structural
and functional changes may contribute to motor impairment or preservation in MS. Hum Brain Mapp
37:4262–4275, 2016. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Multiple sclerosis is a chronic demyelinating and neuro-
degenerative disease associated with motor impairment and
reduced coordination [Matthews, 1991]. Upper limb disabili-
ty is a common progressive symptom present in more than
50% of people with multiple sclerosis (MS) [Holper et al.,
2010; Johansson et al., 2007; Kister et al., 2013], which inter-
feres with independent performance of activities such as
bathing, dressing and writing [Kierkegaard et al., 2012; Yoz-
batiran et al., 2006]. The dominant upper limb is typically
engaged in daily activities, therefore the maintenance of its
proper function is important for quality of life [Yozbatiran
et al., 2006]. The importance of addressing dominant upper
limb function in people with MS is increasingly recognised
(for review see [Lamers and Feys, 2014]).

Conventional magnetic resonance imaging (MRI) meth-
ods that permit quantification of MS lesion load have
advanced the diagnosis of MS. Lesion load is a useful mea-
sure because it can be obtained with conventional MRI and
is associated with disability as measured by the Expanded
Disability Status Scale (EDSS) scores [Crespy et al., 2011;
Traboulsee et al., 2003]. However, its rather modest correla-
tion with clinical outcome measures has driven the search
for more sensitive neuroimaging markers of MS pathology,
including grey matter volume and magnetization transfer
ratio (MTR). Grey matter volume is affected by neuroaxonal
loss in MS [Siffrin et al., 2010]. Although MTR may be
reflected by axonal loss and inflammation, it is primarily
affected by myelin content not only in white matter [Dous-
set et al., 1992; Schmierer et al., 2004, 2007] but also in grey
matter [Chen et al., 2013; Schmierer et al., 2010]. It has
proved sensitive to both white [Chen et al., 2007, 2008; Pike
et al., 2000] and grey matter damage [Fisniku et al., 2009;
Jure et al., 2010], even in early MS [Crespy et al., 2011; Ran-
jeva et al., 2005]. Both grey matter volume and MTR have
been associated with clinical disability [Fisher et al., 2008;
Fisniku et al., 2008; Hayton et al., 2009] and provide com-
plementary information relevant to the pathology of MS
[Khaleeli et al., 2007; Mallik et al., 2015].

Alternative neuroimaging techniques that provide func-
tional information may shed further light on the physio-
logical processes related to motor disability in MS.
Functional MRI (fMRI) studies involving performance of
finger flexion-extension with the right (dominant) hand
suggest that neural functional reorganization occurs in MS
throughout the disease course [Reddy et al., 2000, 2002;

Rocca et al., 2002; Valsasina et al., 2011], potentially
explaining the low correlation between lesion load and
disability [Reddy et al., 2002; Rocca et al., 2002; Valsasina
et al., 2011]. Specifically, recruitment of multimodal inte-
gration regions beyond the conventional sensorimotor
areas may act to compensate for structural damage, there-
by mitigating the clinical impact of MS on the dominant
upper limb [Rocca et al., 2002; Valsasina et al., 2011].
Resting-state fMRI has also been widely used to study dif-
ferences in functional connectivity in MS compared with
healthy controls (for reviews see [Filippi et al., 2013; Sacco
et al., 2013]). Resting-state functional connectivity (FC)
analysis measures the temporal correlations of intrinsic
blood oxygen level dependent (BOLD) activity across brain
regions; the highly connected brain regions so identified
form specific functional networks [Van den Heuvel and
Pol, 2010]. Multiple functional networks have been identi-
fied reliably using this technique, including a network of
regions involved in sensorimotor function that is of partic-
ular interest for understanding the control of upper limb
motor function [De Luca et al., 2005; Xiong et al., 1999]. In
healthy adults, this network includes bilateral primary
motor cortices, premotor cortices, somatomotor cortices,
somatosensory cortices, cingulate motor areas, supplemen-
tary motor area (SMA) and the insula [Habas et al., 2009;
Jolles et al., 2011; Larson-Prior et al., 2009; Xiong et al.,
1999]. We refer to these regions hereafter as comprising
the “conventional” motor network.

In some FC studies of MS patients, regions of the senso-
rimotor network have shown decreased functional connec-
tivity [Janssen et al., 2013; Lowe et al., 2002; Rocca et al.,
2012], which correlated with lesion load and disability
[Janssen et al., 2013]. In contrast, investigations restricted
to patients early in the disease course showed increased
sensorimotor connectivity compared with healthy controls,
which was interpreted as reflecting functional compensa-
tion for tissue damage [Basile et al., 2013; Faivre et al.,
2012; Roosendaal et al., 2010]. The direction of changes in
functional connectivity is hypothesized to depend on shift-
ing balances between neuronal damage and compensatory
mechanisms as MS disability progresses [Basile et al.,
2013]. Demonstration of preserved motor ability is
required for changes in connectivity to be interpreted as
compensatory; otherwise such changes may be merely epi-
phenomenal to neuronal dysfunction and damage.

In summary, both structural and functional abnormali-
ties are associated with physical disability in MS (for
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reviews see [Filippi and Agosta, 2010; Sacco et al., 2013]).
However, little is known about how the combination of
these factors contributes to preservation or loss of motor
abilities in MS. We propose that progress in understanding
the functional mechanisms that intervene between MS
pathology and disability will benefit from a focused analy-
sis of the structural, functional, and behavioural changes
associated with a specific, well-characterized brain net-
work. Thus, the current study employed multimodal neu-
roimaging approaches to directly investigate the
relationships between disease-associated structural abnor-
malities, abnormal resting-state functional connectivity in
the sensorimotor network, and dominant hand motor dis-
ability in MS.

First, we examined the association between FC of the
dominant hand sensorimotor network and dominant hand
motor disability as indexed by the 9-Hole Peg Test
(9HPT). Based on previous findings from studies using
fMRI [Rocca et al., 2002, 2012], we predicted that poorer
9HPT performance among MS patients would be associat-
ed with weaker FC between the hand motor area and
regions in the conventional motor network, whereas MS
participants with normal manual dexterity would show
stronger FC with the hand motor area in diverse regions
outside the conventional motor network. Second, we
investigated the relationship between abnormal connectivi-
ty to the hand knob area of the motor cortex and structur-
al integrity measures including volume and MTR within
the regions of interest. The structural measures included
whole-brain measures of lesion load, grey matter, and
normal-appearing white matter, as well as network-
specific measures within the cortical regions that we iden-
tified as showing group differences in their functional con-
nections to the dominant hand motor region. Finally, we
explored whether these structural measures within the
regions of interest predicted 9HPT performance. We
hypothesized that damage within the conventional motor
network might be a prerequisite for functional reorganiza-
tion that incorporates non-conventional regions into the
motor network. Thus, we predicted lower grey matter vol-
umes and MTR in some regions of the conventional motor
network even among MS participants with preserved
motor function. However, the greatest structural abnor-
malities were expected in those with impaired motor
function.

MATERIALS AND METHODS

Participants

A total of 43 participants with MS (mean age 6SD:
49.23 6 10.87 years, 24 females) were recruited: 27 with a
relapsing-remitting course, 4 with primary progressive MS
and 12 with secondary progressive MS. To reduce variabil-
ity associated with differences in hemispheric dominance,
participants who self-reported as non-right–handed (�0.5

on the Edinburgh Handedness Inventory [Oldfield, 1971])
were excluded. Exclusion criteria also included: claustro-
phobia, typical contraindications to MRI (e.g., pregnancy,
pacemaker, ferromagnetic metal in body), history of men-
tal illness or serious health conditions other than MS, and
clinical relapses within 3 months prior to the study. Time
since diagnosis, medications for MS treatment and most
recent EDSS score were collected from retrospective clini-
cal chart review. A control group of 20 age- (mean 6 SD:
44.22 6 13.28 years) and sex-matched (12 females) healthy
controls (HC) was also recruited.

Ethics Committee Approval

The Research Ethics Board of the Montreal Neurological
Institute and Hospital approved this study and written
informed consent was obtained from all participants.

Behavioural Assessments

Participants performed the 9HPT to assess upper limb
function as part of the Multiple Sclerosis Functional Com-
posite (MSFC) [Cutter et al., 1999] in the context of a larger
battery of performance-based tasks and questionnaires.
This study focused on performance of the dominant hand
in right-handed individuals. Participants with MS whose
9HPT z-scores were within two standard deviations (SD)
of published norms [Oxford Grice et al., 2003] were
assigned to the motor-preserved (MP) group. Those who
were slower than two SDs from the normal mean were
considered motor impaired (MI). All HC participants
scored within two SDs of the normative controls. Correla-
tional analyses used raw 9HPT completion times and
included age and sex as covariates in the model.

MRI Acquisition

MRI was performed in a separate session (mean
interval 6 SD: 5.27 6 6.60 days) from the behavioural
assessment on a 3T Siemens Magnetom Trio Tim scanner
using a 32-channel phased-array head coil at the McCon-
nell Brain Imaging Centre of the Montreal Neurological
Institute. The MRI protocol, which has been optimized by
members of our group for use in MS clinical trials [Arch-
ambault-Wallenburg et al., 2013] included:

1. T1-weighted (T1w) Fast Low Angle Shot (FLASH)
sequence: 20/5 ms [repetition time/echo time (TR/
TE)], 278 flip angle, 192 contiguous slices, 1 mm slice
thickness, 256 3 256 mm2 field of view (FOV), 1 3

1 mm2 in plane resolution.
2. Proton density-weighted (PDw) FLASH sequence

pair: 33/3.81 ms [TR/TE], 108 flip angle, performed
with and without a magnetization transfer weighting
pulse, with the same geometry as the T1w sequence.
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3. PDw and T2-weighted (T2w) dual turbo spin echo
sequences: 2.1 s/17 ms/76 ms [TR/TEPDw/TET2w],
1208 flip angle, 60 contiguous slices, 3 mm slice thick-
ness, 256 3 256 mm2 FOV, 1 3 1 mm2 in plane
resolution.

4. T2w 3D Fluid Attenuated Inversion Recovery
(FLAIR) sequence: 6 s/355 ms [TR/TE], 192 contigu-
ous slices, 1 mm slice thickness, 256 3 256 mm2 FOV,
1 3 1 mm2 in plane resolution.

5. Resting state echo planar images covering the whole
brain: 2.26 s/30 ms [TR/TE], 908 flip angle, 38 contig-
uous slices (interleaved acquisition), 4 mm slice thick-
ness, 256 3 256 mm2 FOV, 4 3 4 mm2 in plane
resolution, no parallel imaging technique used. This
spatial resolution is within the range of other move-
ment related fMRI studies [Kristo et al., 2014; Valsa-
sina et al., 2011; Wegner et al., 2008] and represents
the optimization of resolution opposed to signal to
noise ratio. For this scan, participants were instructed
to rest with their eyes closed without falling asleep,
and to think of nothing in particular. Each functional
scan contained 133 image volumes after the first three
volumes were discarded to allow the magnetization
to reach equilibrium.

MRI Processing and Analysis

Magnetization transfer ratio (MTR) image processing:
MTR, expressed as percent units (pu), was calculated for
each voxel as follows: MTR 5 (M0 2 Mmt)/M0 3 100 (pu),
where M0 and Mmt were the images obtained without and
with MT saturation pulse, respectively. MTR maps were
coregistered onto their corresponding T1w images.

Image segmentation and lesion delineation: T1w images
were entered into FreeSurfer (version 5.1.0, http://surfer.
nmr.mgh.harvard.edu) for white and grey matter segmen-
tation [Fischl et al., 2002]. During segmentation, to fix the
topological errors that may have occurred due to image
quality and lesion presence, the first author performed
minimal manual editing to remove non-brain tissues and
fill the holes in the white matter that were lesions. White
matter lesions were delineated by a trained researcher
(JCN) on the T2w images using a semi-automated method
[Francis, 2004] supported by information from T1w, FLAIR
and PDw images. These lesion masks were subtracted
from the white matter to obtain normal appearing white
matter (NAWM). Volumetric measures for NAWM, whole-
brain grey matter and T2w lesion load (T2-LL) were nor-
malized for subject head size using the VSCALING param-
eter, based on skull-constrained registration to MNI152
standard space, provided by SIENAX [Smith et al., 2002],
part of FSL (http://fsl.fmrib.ox.ac.uk/fsl). To minimize the
impact of partial volume effects in the NAWM and grey
matter, we excluded any voxels with an MTR value of less
than 10 pu that may be due to CSF. Individual T1 brain

images were registered to the MNI template with ANTS
non-linear registration [Avants et al., 2008] for group
analysis.

Pre-processing of resting-state fMRI data: Pre-processing
was done in FSL and included slice timing based on inter-
leaved acquisition, motion correction with reference to the
mean volume, skull stripping, band-pass filtering
(0.01–0.08 Hz) to remove magnetic field drifts of the scan-
ner [Foerster et al. 2005], and regressing out nuisance
parameters including motion correction parameters
(reflecting residual motion), and ventricular and white
matter signals (estimating subject respiration and cardiac
effects) [Windischberger et al., 2002]. Mean and maximum
absolute root mean square motion estimates were comput-
ed [Jenkinson, 1999; Jenkinson et al., 2002] to quantify the
subject head movement. No subject showed excessive
head motion (maximum framewise displacement among
all the subjects was 1.17 mm). The ventricular signal was
calculated as the mean signal over the whole ventricular
region and the white matter signal was the mean signal
over the white matter region, where both ventricle and
white matter were segmented from T1 images in the T1
preprocessing steps and transformed to the fMRI space
based on the transformation using boundary-based regis-
tration [Greve and Fischl, 2009]. To allow group level anal-
ysis, the individual fMRI data were then transformed to
the template space by combining the transformation to
their corresponding T1 image space using boundary-based
registration [Greve and Fischl, 2009] with the transforma-
tion from the T1w image to MNI space. Finally, the fMRI
data were spatially smoothed using a 6 mm full-width-at-
half-maximum (FWHM) Gaussian filter.

Functional connectivity with the seed region: The left
hemisphere hand knob representing hand motor function
(LM1) was identified and segmented based on the detailed
description provided by Yousry et al. 1997, who demon-
strated high inter-rater reliability of 97.9% in the axial
plane when tested with a sample of 198 hemispheres
including brains of both healthy individuals and people
affected by different pathologies [Yousry et al., 1997]. To
keep the LM1 definition consistent across subjects, only
the portion of Yousry et al.’s LM1 that lies within the grey
matter region on the MNI template (Fig. 1, Row 1, Blue
region) was included in our analysis. In practice, we delin-
eated it in the hand knob shape in the MNI152 template
(resolution: 1 3 1 3 1 mm3) with 23 slices in the superi-
or—inferior orientation, 19 slices in the left—right orienta-
tion, and 17 slices in the anterior—posterior orientation.
With all the functional data in the MNI template space
and the LM1 as the seed region, the average BOLD time-
course from this seed region was cross-correlated with the
time-courses from all other brain voxels, and the correla-
tion coefficients were transformed to Fisher’s z-scores [Zar,
2010] to improve the normality of the correlation coeffi-
cients. This whole-brain functional correlation map gener-
ated for each subject represents the strength of correlated
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resting-state BOLD signal fluctuations with the seed. The
LM1 seed region in the template space was transformed
back into the individual T1 space for individual LM1 vol-
ume calculation.

Statistical Analysis

Chi-squared tests were used to compare groups on cate-
gorical variables including sex, phenotypes of MS and
medication usage. One-way ANOVAs were used to com-
pare groups (HC, MP and MI) on variables including age,
time since diagnosis, MSFC total score, 9HPT z-scores and
head motion parameters. To control for the potential
impact of age and sex on outcomes, ANCOVA tests were
used with age and sex as covariates for the normally dis-
tributed variables including 9HPT completion times, vol-
umes and MTR of NAWM, whole-brain GM and the LM1
seed region. Both one-way ANOVA and ANCOVAs were
followed by post-hoc comparison with Tukey’s HSD tests
when appropriate. Comparisons on non-normally distrib-
uted variables (EDSS and T2-LL) between MP and MI

groups were done using the Mann–Whitney–Wilcoxon
Test.

Resting-state fMRI analysis was performed using SPM12
(http://www.fil.ion.ucl.ac.uk/spm). One-way ANCOVA
analysis was performed to examine and compare FC pat-
terns of each group (HC, MP, and MI) with age and sex as
nuisance covariates. The main effect of each group was
calculated with a voxel level of P (Pv)< 0.05, FWE cor-
rected. The F-contrast was masked by the composite of the
main effects of the three groups (Pv< 0.05). Then,
between-group contrasts were masked by the F-contrast
result (Pv< 0.05, Bonferroni corrected by number of com-
parisons). All voxel-wise analyses were corrected for clus-
ter extension at P (Pc)< 0.05. The voxel and cluster levels
of p values were chosen to obtain reasonable spatial spe-
cificity and cluster extent of fMRI findings as recom-
mended previously by Woo et al., [2014]. The correlations
between the mean FC values in the regions showing sig-
nificant between-group FC differences and the 9HPT com-
pletion time were explored separately for the MS and the
HC participants with age and sex as covariates (P< 0.05,

Figure 1.

Left panel: functional connectivity maps of the LM1 seed region

for HC, MP and MI groups. Right panel: the corresponding map

for each group projected to the hemispheric surfaces using

BrainNet Viewer (http://www.nitrc.org/projects/bnv/) for the

purpose of visualization. LM1 seed region is shown in the first

row in blue. Voxel wise analyses were corrected for cluster

extension (t> 5.8, Pv< 0.05, FWE corrected, Pc< 0.05, FWE

corrected, k> 16 mm3), with age and sex controlled. Volume-

based maps were displayed in the radiological convention. Note:

R, right hemisphere; L, left hemisphere.
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FDR corrected). The regions showing significant FC differ-
ences between groups in the template space were trans-
formed back into the individual T1 space for grey matter
MTR and normalized grey matter volume calculation. Fur-
thermore, one-way ANCOVA was used for between-group
comparisons of MTR and volumes for the regions showing
significant group difference in FC, controlling for age and
sex. Finally, to assess whether grey matter volume and/or
MTR could predict whether a MS participant would be in
the motor preserved or impaired group, total grey matter
volume and mean MTR value from the regions with sig-
nificant group difference in FC were calculated and tested
in separate age- and sex-adjusted binary logistic regression
models. Whole-brain GMV was also included as a covari-
ate to evaluate whether the predictors were regionally spe-
cific or simply a reflection of global severity of disease.
Odds ratios with 95% confidence intervals (CI) and their

corresponding P-values were calculated for each structural
measure.

RESULTS

Characterization of the Groups

Demographic, clinical and structural imaging character-
istics of the HC, MP and MI groups are shown in Table I.
MS-related medications in the MS sample included Inter-
feron beta-1a (18.60%), Fingolimod (13.95%), Ceralifimod
(2.33%), Glatiramer Acetate (6.98%) and Siponimod
(4.65%). All groups were matched on age and sex. The
two MS groups had comparable EDSS scores, proportions
of participants on MS-related medication, time since diag-
nosis, and T2-LL. Participants with a progressive course of
MS were slightly more represented in the MI group than

TABLE I. Demographic, clinical and structural imaging and functional imaging motion characteristics of healthy

controls (HC), MS participants with preserved motor ability (MP) and MS participants with impaired motor

ability (MI)

Characteristics HC MP MI P-value Post-hoc

Number of participants 20 26 17 – –
Age, years: mean 6 SD 44.22 6 13.28 49.93 6 12.25 48.15 6 8.57 0.26a –
Sex: female/male (F/M ratio) 12/8 (1.5) 15/11 (1.36) 9/8 (1.13) 0.91b –
Phenotype: RRMS/SPMS/PPMS – 19/4/3 8/8/1 0.08c –
Time since diagnosis, years:

mean 6 SDd
– 12.80 6 9.81 7.41 6 5.01 0.06a –

Medication treatment: none/yes – 15/11 8/9 0.49f –
EDSS: median (range) – 2 (0–6) 3.5 (0–6.5) 0.051e –
MSFC, z-score: mean 6 SD 0.61 6 0.33 0.33 6 0.52 20.61 6 0.50 <0.001a HC>MI***, MP>MI***
RH_9HPT, time(s): mean 6 SD 17.99 6 2.19 19.91 6 2.22 27.43 6 3.31 <0.001g HC>MI***, MP>MI***
LH_9HPT, time(s): mean 6 SDh 19.67 6 2.34 20.57 6 2.50 29.24 6 7.78 <0.001g HC>MI***, MP>MI***
RH_9HPT, z-score: mean 6 SD 0.13 6 0.74 0.57 6 0.73 4.18 6 1.48 <0.001a HC>MI***, MP>MI***
LH_9HPT, z-score: mean 6 SDh 0.45 6 1.06 0.44 6 0.76 3.95 6 2.60 <0.001a HC>MI***, MP>MI***
T2-LL, 3103 mm3: median (range) – 3.36 (0.21–49.50) 5.54 (2.53–47.48) 0.78e –
NAWMV, 3105 mm3: mean 6 SD 6.74 6 0.27 6.11 6 0.69 6.10 6 0.54 <0.001g HC>MP**, HC>MI**
WBGMV, 3105 mm3: mean 6 SD 8.74 6 0.50 8.24 6 0.54 8.05 6 0.64 0.003g HC>MP*, HC>MI**
LM1 volume, 3103 mm3: mean 6 SD 1.19 6 0.31 1.12 6 0.26 0.99 6 0.32 0.14g –
NAWM MTR: mean 6 SD 44.00 6 0.54 43.88 6 1.05 42.86 6 1.71 0.008g HC>MI*, MP>MI*
WBGM MTR: mean 6 SD 36.45 6 0.57 36.49 6 0.92 35.74 6 1.23 0.03g MP>MI*
LM1 MTR: mean 6 SD 35.34 6 1.03 35.50 6 1.38 34.45 6 2.14 0.09g –
Mean motion, mm: mean 6 SD 0.20 6 0.15 0.24 6 0.14 0.25 6 0.16 0.49a –
Max motion, mm: mean 6 SD 0.40 6 0.45 0.50 6 0.23 0.27 6 0.23 0.48a –

Note: RRMS, relapse–remitting multiple sclerosis; SPMS, secondary progressive multiple sclerosis; PPMS, primary progressive multiple
sclerosis; EDSS, Expanded Disability Status Scale; RH_9HPT, right hand 9-Hole Peg Test performance; LH_9HPT, left hand 9-Hole Peg
Test performance; T2-LL, T2 white matter lesion load (normalized volume); NAWMV, normal appearing white matter normalized vol-
ume; WBGMV, whole-brain grey matter normalized volume; LM1, left hemisphere hand motor region; For post-hoc statistics, * repre-
sents P< 0.05, ** represents P< 0.01 and *** represents P < 0.001.
aOne-way ANOVA test.
b3X2 Chi-square test.
c2X2 Chi-square test with relapse–remitting MS and progressive MS in MP and MI groups
dData on time since diagnosis were not available from 2 MP participants and 2 MI participants.
eMWW: Mann–Whitney–Wilcoxon Test.
f2X2 Chi-square test.
gANCOVA test (controlled for age and sex).
hThere was one missing data point on 9HPT measurement for the left hand from MI participants due to the severity of the disease.
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in the MP group, although this difference was not statisti-
cally significant (Chi-square P> 0.05). As intended, the MI
group had worse dominant hand 9HPT performance
(P< 0.001) than the MP and HC groups, which did not dif-
fer (P> 0.05); the same was true for performance with the
non-dominant hand and the MSFC total score. Age- and
sex-controlled volumes of NAWM and whole-brain GMV
were smaller in both MS groups when compared with the
HC group. The MP group showed significantly higher
mean MTR within both NAWM and whole-brain GM than
the MI group, but comparable values with the HC group.
No significant group differences were found for either grey
matter volume or MTR within LM1. No significant differen-
ces were observed between groups for head motion.

Table II shows the results of correlation analyses
between age- and sex-adjusted 9HPT completion times of
the right hand and each clinical and structural neuroimag-
ing measure. 9HPT time correlated positively with EDSS
score, and negatively with MTR in the whole-brain grey
matter and normal appearing white matter. No significant
relationship was observed between 9HPT completion time
and time since diagnosis, or volumes of NAWM and
whole-brain grey matter. 9HPT completion time was not
significantly associated with grey matter volume or MTR
in the LM1 region of interest. Higher T2-LL was associated
with longer time since diagnosis (r 5 0.33, P< 0.05), and
with lower volumes of whole-brain grey matter (r 5 20.69,
P< 0.001) and normal-appearing white matter (r 5 20.54,
P< 0.01), but not with 9HPT completion time.

Functional Connectivity of Each Group

The LM1 related networks for the three groups are
shown in Figure 1. Conventional motor regions, such as
bilateral primary motor (BA4), premotor and supplementa-
ry motor area (SMA, BA6) and somatosensory cortices
(BAs 1/2/3/5/7), as well as bilateral insula (BA43) were
present in all three groups. The LM1 related network also
covered posterior visual areas including bilateral cuneus
and lingual/fusiform gyri (BAs 17/18/19), and lateral
occipital (BAs 18/19) regions in the MP group, but not in
the other two groups.

Comparisons of the LM1 Related Network

between Groups

The F-test showed that there were FC differences
between groups in the bilateral sensorimotor and somato-
sensory association cortices (precentral gyrus/postcentral
gyrus/superior parietal lobule, BAs 1/2/3/4/5/7), cueus,
lingual/fusiform and lateral occipital cortex (BAs 17/18/
19) (Fig. 2, Panel A; Table III). FC in bilateral sensorimotor
and somatosensory association cortices (postcentral gyrus/
superior parietal lobule, BAs 1/2/3/5/7) was significantly
stronger in the MP and HC groups than in the MI group.
The MI group also showed significantly weaker FC in
bilateral cuneus and lingual/fusiform (BAs 17/18/19), and
lateral occipital cortex (BAs 18/19) when compared with
the MP group (Fig. 2, Panel B; Table IV).

FC Correlations with 9HPT

When assessing all MS participants as one group, FC of
all the regions showing significant group differences in the
omnibus F-test had a negative correlation with 9HPT com-
pletion time, which reached or approached significance
(Ps� 0.05) (Table III, far right column). In the HC group,
functional connectivity of the LM1 did not correlate signif-
icantly with performance on the motor task (Ps> 0.1).

Structural Comparisons between Groups within

the Functionally Defined ROIs

Among the regions with group differences in functional
connectivity, the volumes of grey matter in the right lin-
gual/fusiform gyrus and bilateral sensorimotor and
somatosensory region were smaller in the MI group than
in the HC group. Of these regions, right lingual/fusiform
gyrus and left sensorimotor and somatosensory regions
were also smaller in the MP group than in the HC group.
Bilateral cuneus and bilateral lingual/fusiform showed
significantly lower MTR in the MI participants than in the
HC and MP participants (Fig. 3, Supporting Information
Tables SI and SII). MTR values and grey matter volume in
the LM1 seed region did not differ between groups. For all
of the regions investigated, a trend of lower MTR and

TABLE II. Correlation between dominant hand 9HPT

completion times and each demographic, clinical and

structural neuroimaging measure in the whole

MS sample (N 5 43)

Characteristics r P-value

Age 0.02 0.88
Sex 20.25 0.10
Time since diagnosisa 20.23 0.18
EDSSb 0.43 0.005**
T2-LLb 0.10 0.52
NAWMV 20.14 0.39
WBGMV 20.09 0.58
LM1 volume 20.17 0.27
NAWM MTR 20.34 0.03*
WBGM MTR 20.32 0.04*
LM1 MTR 20.23 0.15

Note: *: P< 0.05; **: P< 0.01; Correlations were controlled with
age and sex for items other than "Age" and "Sex"; EDSS, Expand-
ed Disability Status Scale; T2-LL, T2 white matter lesion load (nor-
malized volume); NAWMV, normal appearing white matter
normalized volume; WBGMV, whole-brain grey matter normal-
ized volume; LM1, left hemisphere hand motor region.
aData on time since diagnosis were not available from 2 MP par-
ticipants and 2 MI participants.
bSpearman correlation was applied due to the non-normal distri-
bution of EDSS and T2-LL.
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Figure 2.

Panel (A) shows 3-group comparisons of functional connectivity

of the LM1 seed region with ANCOVA F-contrast. Voxel wise

analyses were corrected for cluster extension (F> 3.16,

Pv< 0.05, Pc< 0.05, k> 544 mm3), with age and sex controlled,

and masked by the composite of the main effects of the three

groups. Panel (B) shows two-group comparisons of functional

connectivity of the LM1 seed region. Voxel wise analyses were

corrected for cluster extension (t> 2.47, Pv< 0.05, Bonferroni

correction for number of comparisons, Pc< 0.05, k> 296 mm3),

with age and sex controlled, and masked by F-contrast. Maps

were displayed in the radiological convention.

TABLE III. Three-group comparisons of functional connectivity of the left-hemisphere hand motor seed region

from ANCOVA F-contrast

Regions BA Peak F value Peak z value

Peak MNI Coordinates

(x y z) Size (mm3)

Correlation r

with 9HPT

R-SM/SPL 1/2/3/4/5/7 10.16 3.59 26 250 58 9752 20.41*
L-SM/SPL 1/2/3/4/5/7 7.13 2.93 246 236 60 2,976 20.36*
R-lin/fusi 17/18/19 8.39 3.23 8 250 0 2,328 20.31§

L-lin/fusi 18/19 6.98 2.89 28 254 24 640 20.40*
R-LO 18/19 10.44 3.64 54 266 0 1,752 20.58***
L-LO 18/19 6.88 2.86 248 272 4 576 20.33*
B-cuneus 17/18/19 9.96 3.55 26 290 28 4,000 20.47**

Note: All regions passed the thresholds of Pv< 0.05 and Pc< 0.05, k> 544 mm3, while controlling for age and sex; Last column showed
correlation of the mean connectivity in each ROI with 9HPT completion time, while controlling for age and sex (§: P 5 0.05, *: P< 0.05,
**: P< 0.01, ***: P< 0.001, FDR corrected). BA, Brodmann area; R, right; L, left; B, bilateral; SPL, superior parietal lobule; LO, lateral
occipital; SM, sensorimotor area (including both precentral and postcentral gyri); lin, lingual gyrus; fusi, fusiform gyrus.
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grey matter volume was observed among MI participants
compared with MP and HC participants, although not all
observations were statistically significant.

Structural Neuroimaging Predictors of Motor

Disability

Logistic regression analysis of the data from MS partici-
pants was performed to determine whether structural
changes in the LM1 related network predict membership in
the MP or MI group independently of whole-brain GMV.
The regions from which regional GMV and MTR were cal-
culated are shown in Table III. The results of the regression
analysis are shown in Table V. In the regions with signifi-
cantly different functional connectivity between groups,
mean MTR, but not regional GMV, was significantly predic-
tive of motor disability beyond the contribution of global
atrophy. Holding age, sex and global GMV constant, we
observed that for every 1-pu decrease of MTR, the odds of
having preserved motor ability (versus having impaired
motor ability) decrease by a factor of 1.91.

Due to the fact that global MTR values of NAWM and
whole-brain grey matter were found significantly correlat-
ed with 9HPT performance (Table II), we performed addi-
tional logistic regressions of these measures separately to
assess their ability to predict motor disability, controlling
for age, sex, and whole-brain GMV. Neither of the two
measures significantly predicted motor disability beyond
the impact of global atrophy (Ps> 0.05).

DISCUSSION

In this study, we identified patterns of LM1 related FC
that were associated with impairment and preservation of
dominant hand motor function among people with MS.

Where group differences in the pattern of FC were
observed, we also identified structural differences in grey
matter volume or MTR between groups. Finally, we found
that within the regions with abnormal dominant hand
motor region related FC, MTR predicted motor disability
whereas grey matter volume did not.

Correlates of Motor Impairment in MS

In all groups, the LM1 region was functionally con-
nected with sensory and motor related regions (BAs 1–6,
43) in a pattern consistent with that previously reported
for FC motor networks in healthy people [Habas et al.,
2009; Jolles et al., 2011; Larson-Prior et al., 2009; Xiong
et al., 1999]. Nevertheless, MS participants with motor
impairment differed from those with preserved motor
function and healthy controls, in that they had weaker FC
in sensorimotor and somatosensory association regions.
Reductions in FC in a patient population could reflect
structural damage to underlying tissue [Lowe et al., 2002].
Consistent with this hypothesis, we found that participants
in the motor impaired group showed a trend toward
smaller grey matter volumes and lower MTR values, both
globally and regionally. These results are consistent with
previous observations of lower FC in people with MS com-
pared with HC [Lowe et al., 2002; Rocca et al., 2012], but
we extend these findings by demonstrating their associa-
tion with motor task performance. Considering our find-
ings on structural abnormalities, we suggest that the
weaker FC in motor related networks may be the result of
loss of structural connectivity due to accumulated demye-
lination and neuroaxonal loss [Compston and Coles, 2008],
leading to the loss of functional cofluctuations [Lowe
et al., 2002] and abnormalities of network efficiency in

TABLE IV. Between-group comparisons of functional connectivity of the left-hemisphere hand motor seed region

Regions BA Peak t value Peak z value
Peak MNI

Coordinates (x y z) Size (mm3)

HC>MI R-SM/SPL 1/2/3/4/5/7 4.37 4.05 28 240 68 6,752
L-SM/SPL 1/2/3/4/5/7 3.42 3.25 234 230 68 1,336

MP>MI R-PostCG/SPL 1/2/3/5/7 4.08 3.81 26 250 58 4,624
R-PostCG 1/2/3 3.01 2.89 48 216 56 304
R-Sup. PostCG 1/2/3/5 3.26 3.11 16 232 78 624
L-PostCG 1/2/3 3.74 3.53 246 236 60 776
L-PreCG 3/4 3.39 3.22 242 218 62 608
R-lin/fusi 17/18/19 4.00 3.74 18 266 28 1,856
L-lin/fusi 18/19 3.30 3.14 28 256 24 368
R-LO 18/19 4.48 4.13 54 266 0 1,744
L-LO 18/19 3.66 3.46 248 272 4 552
B-cuneus 17/18/19 4.32 4.00 26 290 28 3,912

Note: Regions shown passed the thresholds of Pv< 0.05, Bonferroni correction for number of comparisons and Pc< 0.05, k> 296 mm3,
while controlling for age, sex, and masked by F-contrast (Pv< 0.05, Pc< 0.05, k> 544 mm3); BA, Brodmann area; R, right; L, left; B, bilat-
eral; SPL, superior parietal lobule; LO, lateral occipital; PostCG, postcentral gyrus; PreCG, precentral gyrus; Sup., superior; SM, sensori-
motor area (including PostCG and PreCG); lin, lingual gyrus; fusi, fusiform gyrus.
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people with MS, and ultimately to motor impairment
[Rocca et al., 2012].

Correlates of Preserved Motor Function in MS

The inclusion of a healthy control group allowed us to
test whether increased FC in the motor network might sup-
port preservation of hand function among people with MS,
as had been suggested by others [Basile et al., 2013; Faivre
et al., 2012; Roosendaal et al., 2010]. In this study, visual-
related regions including bilateral cuneus, lateral occipital
and lingual/fusiform were seen in the LM1 related motor
network of the motor-preserved MS participants, but not in
the motor-impaired MS participants or the HC group. FC in
these regions was significantly stronger than that observed

in the MI group, and correlated with better motor perfor-
mance among the MS participants (Table III). Compared
with the healthy control group, the MP group showed
stronger FC in the right ligual/fusiform and left cuneus.
However, these differences did not survive correction for
statistical significance, which limits our ability to draw con-
clusions about compensatory reorganization of function.
Regional MTR values were preserved in the MP group,
which may explain why FC in these regions was preserved
even though global and regional structural volumes were
below those of healthy controls and whole-brain lesion
loads were comparable to those of the MI group.

To understand the atypical involvement of visually asso-
ciated brain regions in the network related to motor func-
tion in the MP group, we turn to previous studies using
task-related functional imaging. Increased activation in the
occipital lobe was seen during the performance of simple
motor tasks in people with primary–progressive MS com-
pared with HC [Ceccarelli et al., 2010; Rocca et al., 2002].
Visual cortex is capable of integrating visual input with
other somatosensory stimuli [Price, 2000]. This visual–sen-
sory interaction is activated in normal people when per-
forming complex motor tasks [Jenkins et al., 1994] and
provides feedback to guide and shape the movement
online [Glickstein 2000; Glover, 2004]. When a movement
is not performed as intended, whether due to reduced
motor control, or impaired sensory input (e.g., due to optic
neuritis), increased communication between sensory and
motor regions may be required to complete an action, ulti-
mately resulting in enhanced FCs between these regions.
Our result suggests that stronger functional connections
with MTR-intact visual-related areas, may help to preserve
motor behaviour that could otherwise be impaired as
result of disease-related damage to the brain.

Previous investigators proposed that reorganization of
FC precedes the onset of clinical manifestations of motor
dysfunction in MS [Harirchian et al., 2010], and may serve
a compensatory role to limit motor disability at earlier
stages of disease progression when the lesion burden is
presumably lighter [Basile et al., 2013; Roosendaal et al.,
2010]. Although there were more people with secondary-
progressive MS in our MI group than in the MP group,
lesion loads and global brain atrophy were comparable in
the two groups, and did not correlate with motor

Figure 3.

Normalized volume (upper panel) and mean MTR (lower panel)

within brain regions of interest for HC, MP and MI participants

were shown with mean and the standard error (SE), adjusted

for age and sex. One-way ANCOVA analysis was done for each

measure and each region across the MP, MI participants and HC

while controlling for age and sex (with their P-values shown in

Supporting Information Tables SI and SII). Significant post hoc

comparisons were indicated with ‘*’ after applying Tukey HSD

test. Note: *P< 0.05; **P< 0.01; NAWM, normal-appearing

white matter; WBGM, whole-brain grey matter; LM1, left hemi-

sphere hand motor seed region; R, right; L, left; SM, sensorimo-

tor area (including precentral and postcentral gyri); SPL,

superior parietal lobule; LO, lateral occipital.

TABLE V. Structural measures of the regions with

functional connectivity differences between groups

contributing to prediction of motor disability

Measure Odds ratio (%) (95% CI) (%) P-value

Mean MTR 191.28 (100.84–362.83) 0.047a

Total GMV 100.57 (99.85–101.30) 0.12

Note: GMV, normalized grey matter volume; CI, confidence
interval.
aP-value< 0.05.
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performance (Ps> 0.05). Given that the MP and the HC
groups showed comparable global and regional MTR val-
ues, and that neuro-axonal loss and demyelination can
occur independently [Khaleeli et al., 2007; Mallik et al.,
2015], perhaps functional compensation is more limited by
cortical demyelination (indicated by low MTR) rather than
by atrophy (neuro-axonal loss). This possibility is sup-
ported by our logistic regression of measures from regions
with abnormal between-group FC, where regional MTR,
rather than regional GMV, significantly predicted motor
disability beyond the impact of global atrophy. Notably,
MTR values of NAWM and whole-brain GM did not sig-
nificantly predict motor disability beyond the impact of
global atrophy. This suggests that the link between low
regional myelination and poor motor function is not mere-
ly an artefact of higher burden of neuropathology, but is
related to the essential role of these regions in motor
control.

Changes in ipsilateral motor network activity have been
linked to upper limb motor function in CIS [Harirchian
et al. 2010; Pantano et al., 2002] and RRMS [Reddy et al.,
2000]. We tested for ipsilateral network activity by examin-
ing FC with a seed located in the right-hemisphere hand
motor region (RM1). Results were similar to those
obtained for LM1, except for the absence of the left lingual
region (Supporting Information Tables SIII and SIV), and
correlated significantly with better 9HPT performance
(Supporting Information Table SIII). Indeed, the LM1 and
RM1 were highly functionally connected (Fisher’s
z 5 1.15 6 0.48 across all the subjects, where the mean z-
score corresponded to an r-value of 0.82, P< 0.001). Thus,
the highly functional synchronization of RM1 related
motor network with LM1 related motor network suggests
bilateral contributions to the compensatory FC for motor
preservation. This is consistent with previous work sug-
gesting that increases in both intra- and inter-hemispheric
effective connectivity within the motor network contribute
to the maintenance of motor function [Rocca et al., 2010]
and serve to limit the functional expression of neuropatho-
logical abnormalities (for review see [Tomassini et al.,
2012]).

Limitations of this study include uncertainty about the
possible roles of clinical relapses, and the duration of
motor impairment, in driving changes in functional con-
nectivity. Although participants in this study continued to
self-report as right-handed, motor impairment affecting
the dominant hand may force a temporary or even more
permanent shift in hand preference or use [Dellatolas
et al., 1993]. Even a single clinical relapse involving hemi-
paresis can lead to changes in functional activation pat-
terns in patients with MS [Pantano et al., 2002]. Thus, a
complete understanding of individual differences in neu-
rofunctional compensation will require a systematic inves-
tigation into the impact of clinical relapses. Secondly, our
study did not include analyses of spinal cord lesions. A
recent analysis of the corticospinal tract in a large sample

of MS patients highlighted the impact of structural dam-
age to the spinal cord in determining motor function
[Daams et al., 2015]. Moreover, although we excluded
patients with recent onset or exacerbation of clinical symp-
toms we did not scan with a contrast agent to identify any
sites of acute neuroinflammation. It is not yet known
whether disease-related factors such as acute inflammation
and lesion chronicity influence functional motor networks
or their effectiveness at preserving motor function.

Image quality of MS participants may suffer from partial
volume effects, especially for individuals with greater
structural damage and atrophy. To minimize the contribu-
tion from partial volume voxels in MTR values, we
excluded voxels with an MTR< 10 pu [Fisniku et al., 2009;
Hayton et al., 2009]. However, we did not apply erosion
techniques due to the small size of some of the ROIs and
because voxel erosion may reduce the sensitivity to corti-
cal demyelination in the subpial layers where a substantial
proportion of cortical grey matter demyelination occurs
[Kutzelnigg et al., 2005; Magliozzi et al., 2007]. Future
studies examining functional connectivity within selected
networks might employ higher resolution scanning proto-
cols to allow finer grained analysis of the associations
between FC and structural changes within specific regions.
Finally, we used a single test—9HPT—to measure aspects
of motor disability associated with manual dexterity and
gross motor functions [Goodkin et al., 1988; Yozbatiran
et al., 2006]. It is an open question whether the forms of
FC adaptation observed here generalize to other aspects of
manual motor function in MS, such as those related to
grip force, sub-phases of actions [Carpinella et al., 2014],
or specific hand movements. Work on these aspects of
motor function could be especially informative in a disease
like MS that is characterized by wide variation in both
lesion location and clinical presentation.

CONCLUSION

By combining structural, functional and behavioural
data in the analyses, this study shed new light on the
functional mechanisms intervening between MS pathology
and disability. These results demonstrate how focusing on
a single well-characterized functional system can improve
our understanding of changes in functional connectivity
observed in various neurologic conditions. Future studies
might use a similar approach to understanding impaired
mobility or cognitive functioning by incorporating non-
conventional structural measures, such as metrics of MTR,
or possibly diffusion-weighted imaging, instead of relying
solely on brain atrophy and lesion load when investigating
the link between MS pathophysiology and symptom mani-
festations. Longitudinal studies are still needed to confirm
that individual functional brain networks reorganize in
response to early and subsequent structural damage in
MS.
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